This paper proposes a finite element method (FEM)-based model of an interior permanent magnet (IPM)-type BLDC motor having stator inter-turn faults. We also propose impedance modeling of the magnetic characteristics. By integrating the developed model with a current-controlled voltage source inverter (CCVSI) model, the distributed characteristics of an inter-turn fault operated by a six-switch inverter are investigated considering speed control. Moreover, this paper presents the flux density distribution and torque characteristics for analyzing the inter-turn fault of an IPM-type BLDC motor. Additionally, fault impedance is required to calculate the circulating current that causes magnetic distortion. Thus, this paper proposes a method for estimating the circulating current taking into account the voltage at the shorted turn and the rotating speed. The analysis data were verified experimentally.
I. INTRODUCTION
Owing to their excellent performance characteristics, including high power density and high efficiency, IPM-type motors are actively used in electrical actuation systems that have industrial and transit applications such as HEV and EV, including their motorized systems. In particular, IPM motors operating as BLDC drives have been widely used in many safety-critical application systems because of their robustness and high performance [1] , [2] .
In such a system, motor reliability is critical. Especially, inter-turn fault in a symmetrical three-phase machine causes a large circulating current to flow and subsequently generates excessive heat in short turns. The heat, which is proportional to the square of the circulating current, can result in complete failure and shutdown of the motor unless the fault is detected early and evasive action is undertaken [3] - [8] .
Therefore, many researches have modeled turn faults using lumped parameters of the corresponding magnetic equivalent circuit (MEC). However, magnetic nonlinearity and saturation were not considered in the MEC. Therefore, a model of a motor with inter-turn fault that is reasonably accurate with respect to magnetic nonlinearity is strongly needed. This need arises because the inductance of the motor changes the operating condition due to magnetic saturation and crosscoupled magnetization effects. In addition, the influence of the distorted transient current caused by the turn fault has to include the magnetic distribution and torque characteristics for Manuscript improving the fault tolerance in high-reliability applications, where continued operation with degraded performance is much more desirable than complete motor shutdown [9] - [13] .
Therefore, inter-turn faults have been widely studied to analyze the circulating current. However, because of the complex calculations and the saturation effect, these studies have used only the fault resistance to calculate the current. Fault resistance (R f ), however, must be considered along with the reactance component, because the voltage at the fault turn has an alternating component that is caused by the permanent magnet and the input current.
In this study, we propose a simplified form of fault impedance (Z f ) that considers the variation in the reactance with the rotating speed and the fault fraction (µ). The proposed fault impedance model can facilitate the calculation of the approximate circulating current, using the parameters of the healthy state and the fault fraction.
We also developed a FEM model in order to perform accurate analysis of inter-turn faults. In addition, the proposed methods can help provide early detection of an inter-turn fault.
II. INTER-TURN FAULT A. Fault impedance modeling
An inter-turn fault can actually occur within a coil, between two coils of the same phase, and between two different phases. Because the first case is the most common and generally occurs first, only the first case is considered in this paper. It is also assumed that each phase winding consists of turns connected in series and the three-phase windings are wyeconnected with a floating neutral point.
We modeled the turn fault to calculate the circulating current induced in a shorted turn and to analyze the torque characteristics due to the distortion of the input current. The circulating current caused by the turn fault is generated due to the interaction between the faulty shorted turn and the magnetic flux in the rotating air gap. Consequently, the circulating current distorts the input current of the motor. The distorted input current has a direct influence on the torque characteristics and motor vibration and noise.
A schematic of the three-phase windings with an inter-turn fault in the A-phase winding is shown in Fig. 1 , where as1 and as2 represent the healthy and the shorted turns, respectively, and if represents the circulating current in the shorted turns. Moreover, Fig. 1 implies that regardless of the number of coils in single-phase winding, a series-winding motor with turn fault can be interpreted as a four-winding motor, where the windings are mutually coupled to each other.
Under the above assumptions, the stator line-neutral voltages and the developed torque of IPM motors with an interturn fault on the A-phase winding can be represented by the abc variables in Eq. (1) [3] , [14] .
In addition, the "Fault fraction" µ, is defined as the ratio of the number of shorted turns to the number of turns per phase, and Z f represents the possible external impedance between the shorted turns. The voltage at the winding of an IPM motor with a turn fault on the A-phase winding is represented by Eq. (2), whereas, λ a is the linkage flux by the phase coil current, λ ar is the linkage flux by the PM, and L am = L aa -L ls . In addition, the voltages at as1 and as2 can be obtained using Eqs. (3) and (4), respectively. In Eqs. (3) and (4), λ a = L am ·i f is the linkage flux used for consideration of the effect of the turn count as reduced by the shorted turn. When an interturn fault is involved with a small number of µ, the resultant asymmetry of the stator voltage generally has a small effect on the overall stator voltages. Thus, Eq. (4) can be rewritten as Eq. (5). V an represents the value of the A-phase-neutral voltage in the faulty state.
From this equation, the circulating current can be calculated. However, it is quite difficult to obtain accurate values for parameters such as linkage flux, inductance because these parameters have nonlinear characteristics and distribution characteristics with harmonics. Therefore, many researchers use only pure resistance (R f ) in their analyses of the fault state. 
Thus, this paper proposes the use of simplified fault impedance (Z f ) to consider the variations in reactance for estimation of the circulating current. The reactance depends on the rotating frequency (f rot ) and on the inductance of the shorted turn (L f ). In addition, the proposed method can be used to estimate the circulating current by using the parameters of the healthy state and the fault fraction. The impedance vector is presented in Fig. 3 .
Therefore, one must consider reactance (X L ) to determine the fault resistance in a shorted turn, as shown in the schematic of the faulty phase in Fig. 4 . The circulating current can be calculated using Eq. (6), in which v as2 increases in proportion to the fault fraction. In addition, as shown in Eq. (7), the impedance of the shorted turn is expressed as the vector sum of the fault resistance and fault reactance. Moreover, the fault impedance must be considered to be an inductance variation of the fault fraction. 
Here
The inter-turn fault increased rapidly at the rated speed because the heat generated is proportional to the square of the circulating current. Thus, the circulating current is an important factor in inter-turn faults, which are attributed to the variations in the torque characteristics due to magnetic interruption. In addition, a short-circuit current of this magnitude will cause the breakdown of the adjacent winding insulation. In this work, we developed a 400-W IPM motor with 6 pole/9 slot for the analysis and test, as can be seen in Fig. 5 . Figure 6 shows mesh generation for FEM analysis and winding position of the studied IPM-type motors with interturn fault. The healthy winding (as1) and faulty winding (as2) couple each phase in the electrical circuit. Therefore, the FEMbased model of the IPM-type BLDC motor is developed for estimating the linkage flux and the circulating current. Figure  7 presents the basic scheme of the proposed simulation model with the stator fault for considering the magnetic saturation effect and analyzing the distributed characteristics of the motor. This model includes the shorted turn for calculating the circulating current induced by variations in the magnetic flux that links the shorted turn. Furthermore, the proposed model considers the effect of the B-H curve at the core. The machine parameters are listed in Table I .
III. RESULT AND DISCUSSION

A. Input Current Characteristics
The simulation result of this paper is analyzed as ratio of shorted winding on the FEM modeling. And it is analyze interturn fault using shorted winding is matched with L as2 in 6-switch inverter circuit in Fig. 7 for more realistic analysis. The simulation results for showing the effect of the fault fraction µ on the variables of the IPM-type BLDC motor with an interturn fault are shown in Figs. 8-15 . Based on the back-emf waveforms, the inverter should be controlled to generate the 120 • current-conduction profile, which is synchronized with the flat portion of the back-emf profile, to generate a constant torque. Figure 8 shows the three-phase current without turn fault (a) and the three-phase current with fault (b) and (c). When a fault occurs, the number of shorted turns is either 3 (Fr = 4.17%) or 6 (Fr = 8.33%). The controlled A-phase current and the healthy-phase current that conduct to the faulty phase in the inverter increase with the fault fraction. This implies that more current will be required to maintain a given rotational speed and load as the fault worsens. Generally, many interturn fault studies verified the increasing current phenomenon at the faulty phase. Therefore, Fig. 9(a) is classified for faulty-phase current analysis. The faulty-phase current and the negative sequence component in the faulty current such as the fault fraction are analyzed as shown in Fig. 9(b) . In the harmonic analysis, 2 nd harmonics are enlarged when the fault fraction increases. The negative sequence component in the faulty current is generated owing to a decrease in the backemf caused by the shorted turn. This implies that the threephase current asymmetry and subsequently the distorted torque induce greater vibration.
B. Distributed Characteristics of Flux Density and Torque
Here we propose a rate speed of 3500 rpm. In general, very high circulating current occurs when there is an inter-turn fault, and the phase is instantly destroyed because the heat generated increases in proportion to the square of current. Therefore, we performed the FEM simulation shown in Figs. 10 and 11-provided fault fraction is increasing as time passes-to partly monitor the fault characteristics. As shown in Figs. 10 and 11, the magnetic flux is distorted because of the input current waveform, which is affected by the circulating current, and directly influences the torque characteristic. Fig. 10 shows the flux density distribution with time. The proposed magnetic field model generates circulating current in a direction opposite to that of the magnetic field, which is generated by the input current. Therefore, as the fault fraction increases with time, an opposing magnetic field is generated in the teeth with shorted turn and magnetic saturation occurs in the rest of the teeth.
When a small number of turns are shorted, the additional magnetic flux is not large. However, when a large number of turns are involved in an inter turn fault, the additional flux strongly distorts the distribution of the magnetic flux in the air gap. The flux density distribution is shown in Fig. 12 with and without fault. The commutation torque ripple with time is shown in Fig. 11 . The average torque decreases and the torque ripple increases because of the opposing magnetic field caused by the circulating current and the distortion of input current.
The torque ripple rate with time is shown in Fig. 13 . The stator inductance in healthy state is 0.518 [mH], but it decreases to 0.387 [mH] when the fault fraction is 12.5%. It is confirmed that the flux and self-inductance decrease due to shorted coil through the inductance profile in Fig. 14. The results of the harmonic analysis of the commutation torque are shown in Fig. 15 . The analysis shows that the torque component increases 6x, 12x, and 18x because of the interturn fault, where x is the rotation frequency (58 Hz). This increase is attributed to the magnetic field generated due to the circulating current and is proportional to the pole number.
C. Characteristics of Back-emf and Circulating Current
The concentric winding of the machine and the rectangular distribution of the magnetic flux in the air gap cause the non-sinusoidal back-emf [15] . Fig. 16 shows the back-emf comparison of the proposed model's results and the test results from the inter-turn fault analysis at 1,500 rpm. Back-emf decreases as the fault fraction increases, because the fault fraction presents shorted turn emergence and, therefore, the healthy turn decreases. Fig. 17 shows the circulating current variation. The simulation results show that the circulating current increases as the fault fraction increases nonlinearly. Fig. 17 also shows the measured circulating current according to the change of the inter-turn fault condition with a motor speed of 1,500 [rpm] . From the results, it is seen that the circulating current increases nonlinearly in proportion to the fault fraction, and the phase angle of the circulating current moves slightly toward the direction of rotation. This phenomenon can be explained by the inductance component of the time constant. Fig. 18 shows the comparison between the phase angle of the circulating current and that of phase A current. Based on the results, the inter-turn fault induces the difference phase angle and waveform as well as the amplitudes of the circulating current with the phase coil current. It is implies that the circulating current in the shorted turn has a negative rate of increase of magnetic flux, which is generated by the phase current and PMs, linking the turn. The difference between the 
D. Fault Impedance
The proposed fault impedance model was verified by comparing the FEM-based model and experimental values.
The impedance value obtained from Eq. (7) was compared with the FEM and the experimental results, as shown in Fig.  19 . The experiment was performed to measure the fault phase voltage (v as2 ) and circulating current (i f ). Subsequently, the fault impedance was calculated as As shown in Fig. 19 , the results obtained from the proposed simplified fault impedance model agree relatively well with the simulation and experiment results. The pure resistance model, however, resulted in large errors. However, we confirmed that this method can be applied to early detection, because the proposed model accurately estimates the circulating current in a small fault state, and it quite simply calculates the impedance of the fault state using the parameters of the healthy state and the fault fraction.
In particular, the inter-turn fault increased rapidly at the rated speed because the heat generated is proportional to the square of the circulating current. Therefore, the heat of the shorted turn is generally very high, as shown in Fig. 21 . Because of its destructive nature, the early detection of a turn fault is imperative to prevent the complete loss of the motor or drive system. 
E. Characteristics of Input Phase Current at No-load and Load
The phase current under no-load was measured to observe the change in the variation of the current in detail (Fig. 22) . Fig. 23 shows the phase current variation at load (0.5 [Nm]) and this experimental result can be confirmed by the data in Fig. 8 . In Fig. 23(b) with turn fault (Fr = 8.33[%]), the faulty phase current has increased. In addition, the healthy phase current that conducted to the faulty phase in the inverter has increased. Therefore, the three-phase current is irregular and the torque ripple increases. From the results of the performance experiments, it is seen that the efficiency reduces by 50[%] as the fault fraction progresses by 12.5[%] compared to the no-fault case. In conclusion, the inter-turn fault seriously affects the efficiency.
F. Motor Performance
IV. CONCLUSIONS
This paper proposes a finite element method (FEM) model of an IPM-type BLDC motor having stator inter-turn faults. We also modeled the impedance of the magnetic characteristics. Thus, the developed model provides a powerful tool to investigate the characteristics of an IPM-type motor with inter-turn fault considering the variations in fault impedance. Moreover, the circulating current at the inter-turn fault is calculated using the proposed fault impedance (Z f ). The circulating current can be calculated using the proposed fault impedance modeling.
Furthermore, the effectiveness of the proposed simplified fault impedance model was confirmed by comparing simulation and experiment results. The results showed that the proposed model for detecting the turn fault of IPM motor at initial stage with small fault fraction can be used for a faultdiagnosis operating.
